In the cockroach Periplaneta americana, to represent pheromone source in the receptive space, axon terminals of sex pheromone-receptive olfactory sensory neurons (pSNs) are topographically organized within the primary center, the macroglomerulus, according to the peripheral locations of sex pheromone-receptive single walled (sw)-B sensilla. In this study, we sought to determine when and where pSNs emerge in the nymphal antenna. We revealed two different pSN proliferation patterns that underlie the formation of topographic organization in the macroglomerulus. In nymphal antennae, which lack sw-B sensilla, pSNs are identified in the shorter sensilla, termed sw-A sensilla. Because new sw-A sensilla emerge on the proximal antenna at every molt, topographic organization in the macroglomerulus must be formed by adding axon terminals of newly emerged pSNs to the lateral region in the macroglomerulus at each molt. At the final molt, a huge number of new sw-B sensilla appeared throughout the whole antenna. Sw-B sensilla in the proximal part of the adult antenna were newly formed during the last instar stage, whereas those located in the distal antenna were transformed from sw-A sensilla. This transformation was accompanied by an increase in the number of pSNs. Axon terminals of newborn pSNs in new sw-B sensilla were recruited to the lateral part of the macroglomerulus, whereas those of newborn pSNs in transformed sw-B sensilla were recruited to the macroglomerulus according to the sensillar location. These mechanisms enable an increase in sensitivity to sex pheromone in adulthood while retaining the topographic map formed during the postembryonic development.
| INTRODUCTION
Sensory receptive fields and topographic sensory maps are thought to have evolved in the animal central nervous system to represent the temporal and spatial dynamics of stimulus source (Kandel, Schwartz, Jessell, Siegelbaum, & Hudspeth, 2012) . Sensory signals presented to different peripheral areas lead to responses in different sets of peripheral sensory neurons, and are processed in different regions of the central nervous system (sensory topographic map). These neural systems allow an animal to precisely localize a stimulus source and to discriminate stimuli in different locations. In vertebrates and invertebrates, the receptive fields of visual and somatosensory systems have been intensely studied (Kandel et al., 2012) . In addition, olfactory receptive fields that utilize sensory topographic maps have recently been identified in the insect olfactory system, as follows.
In insects, olfactory molecules are detected by olfactory sensory neurons (OSNs) in olfactory sensilla, which are generally distributed throughout the antennal flagellum. OSNs extend their axons to the primary olfactory center, the antennal lobe (AL), and terminate in spherical-shaped neuropils called glomeruli (Hildebrand & Shepherd, 1997) . In each glomerulus, a large number of OSNs synapse onto a moderate number of secondary olfactory interneurons, projection neurons (PNs) and local interneurons. In insects, OSNs expressing a cognate type of odorant receptor protein converge onto a single glomerulus (Couto, Alenius, & Dickson, 2005; Vosshall, Wong, & Axel, 2000) . In some insect species, it has been reported that axon terminals of OSNs are topographically organized in individual glomeruli. In the cockroach Periplaneta americana, the glomeruli, with some exceptions, tend to receive axonal entries from their lateral sides (Watanabe, Nishino, Nishikawa, Mizunami, & Yokohari, 2010) . OSNs originating from sensilla on the more proximal region of the antenna tend to project progressively to the more lateral region of a given glomerulus with respect to the axonal entry point (Figure 1a,b; Nishino & Mizunami, 2007; Nishino, Nishikawa, Mizunami, & Yokohari, 2009a; Nishino, Watanabe, Kamimura, Yokohari, & Mizunami, 2015) . In the honeybee Apis mellifera, axons of OSNs in sensilla on the proximal region of the antenna tend to project to the outer cortical layer of the innervating glomerulus (Nishino et al., 2009a; Pareto, 1972) . These findings suggest that the axon terminals of OSNs are precisely organized in each glomerulus on the basis of the distal-proximal position on the antenna of these insects.
In many insect species, adult males are equipped with a large number of sex pheromone-receptive sensory neurons (pSNs), and the axons of pSNs converge onto a specific glomerulus, called the macroglomerulus (Rospars & Hildebrand, 2000; Strausfeld & Reisenman, 2009 ). The volume of the macroglomerulus in the male AL is significantly larger than the homolog in the female AL in the cockroach P. americana (Nishino, Iwasaki, & Mizunami, 2011; Watanabe et al., 2010 ) and the moth M. sexta (Rospars & Hildebrand, 2000) . In the macroglomerulus of these insects, PNs with antennal olfactory receptive fields that correspond with the topographic map of pSN axon terminals have been identified. Electrophysiological studies have revealed that PNs, whose dendrites extend profusely into the lateral region of the macroglomerulus, predominantly respond to sex pheromone applied to the proximal region of the antenna (P. americana: Hösl, 1990 ; M. sexta : Heinbockel & Hildebrand, 1998) . Recently, Nishino et al. (2018) Anatomical observations have shown that OSNs arising from the sensilla on the more proximal part of the antenna tend to project progressively to the more lateral region of the target glomerulus (Nishino & Mizunami, 2007; Nishino et al., 2009a Nishino et al., , 2015 . (c) The leading model of the formation of topographic organization of OSN axon terminals. In hemimetabolous insects, new olfactory sensilla appear on the new flagellomeres that are added to the proximal part of the antenna at every molt. Therefore, axon terminals of newborn OSNs appearing in the proximal part of the antenna may project to the lateral region, where close to the axonal entry points, of the target glomerulus. (d) Mystery of topographic organization of pSNs in a macroglomerulus. The clearest example of topographic organization of olfactory afferents was identified in a sex pheromone-receptive macroglomerulus (B-glomerulus) in the cockroach (Nishino et al., 2009a (Nishino et al., , 2015 Nishino & Mizunami, 2007) ; axon terminals of pSNs are precisely mapped along the medial-lateral axis of the macroglomerulus according to their distal-proximal locations on the antenna. However, the number of sex pheromone-receptive sw-B sensilla drastically increases throughout the male antenna at the final molt. Therefore, the model shown in (c) may not be applicable to the macroglomerulus dendritic fields of these PNs reflect the topographic maps of pSNs in the macroglomerulus, the topographic organization of pSN axon terminals is very likely to be exploited by sex pheromone-receptive PNs to form spatially-tuned receptive fields in the antenna (Hösl, 1990; Nishino, Iwasaki, Paoli, Kamimura, Yoritsune, & Mizunami, 2018) . This is supported by the finding that cockroaches with one antenna removed can locate pheromone sources as effectively as those with two antennae in a still air environment (Bell & Tobin, 1981) and in a wind-borne plume (Lockey & Willis, 2015) .
As described above, the cockroach, P. americana, is an ideal model for investigating the neural mechanisms underlying olfactory receptive fields and topographic maps because of its long antennae, which spañ 5 cm ( Figure 1a ). The long maneuverable antenna is composed of the scape, pedicel, and flagellum. In the adult cockroach, each flagellum consists of~140 flagellomeres (also known as segmented annuli, Schafer & Sanchez, 1973) . On the flagellum, there are three morphological types of olfactory sensilla; perforated basiconic, grooved basiconic, and trichoid sensilla (Toh, 1977 , Watanabe, Haupt, Nishino, Nishikawa, & Yokohari, 2012 . Among these types, the perforated basiconic sensilla are further categorized into two subtypes based on their lengths, short single walled (sw)-A and long sw-B sensilla (Altner & Prillinger, 1980; Schaller, 1978) . In adults, each sw-A sensillum usually houses two OSNs that process general odors, whereas each sw-B sensillum usually houses four OSNs (Sass, 1978; Schaller, 1978; Toh, 1977) . In the sw-B sensillum, two OSNs process general odors and two pSNs selectively process two components of sex pheromones, the subcomponent (periplanone-A) and major component (periplanone-B) (Fujimura, Yokohari, & Tateda, 1991; Sass, 1983) . The axons of the two pSNs that process periplanone-A and periplanone-B converge onto two macroglomeruli, termed A-and B-glomeruli, respectively (Burrows, Boeckh, & Esslen, 1982) . Both the topographic organization of pSN axon terminals and PNs with antennal receptive fields has been identified in the B-glomerulus (Hösl, 1990; Nishino & Mizunami, 2007; Nishino et al., 2009a Nishino et al., , 2015 Nishino et al., , 2018 .
In previous cockroach studies, topographic organization of OSNs in the glomeruli has been proposed to reflect the postembryonic development of the antenna (Nishino & Mizunami, 2007; Nishino et al., 2009a Nishino et al., , 2015 . In hemimetabolous insects, including the cockroach, new flagellomeres are added in the proximal region of the flagellum at each molt (Carle, Yamawaki, Watanabe, & Yokohari, 2014; Chapman, 2002; Minelli, 2017; Schafer & Sanchez, 1973) . Olfactory sensilla and OSNs emerge concomitantly with the addition of new flagellomeres to the proximal end of the flagellum (Schafer & Sanchez, 1973) . The cockroach becomes adult via 11 molts from the first instar (Schafer & Sanchez, 1973 , 1976 . In the AL of the cockroach, all glomeruli are already present at the first instar and the sensory axonal entries to individual glomeruli are conserved from the first instar to adult, while their volumes increase due to increased sensory inputs at every molt (Nishino, Yoritsune, & Mizunami, 2009b Prillinger, 1981) . At every molt, it is believed that axon terminals of newly emerged OSNs in the proximal region of the flagellum are added to the lateral region close to the axonal entry points in each glomerulus ( Figure 1c ; Nishino & Mizunami, 2007) . Therefore, OSN axon terminals are precisely organized along the medial-lateral axis of a given glomerulus according to the distal-proximal locations of sensilla in the antenna. Although this hypothesis may explain the topographic organization of OSN axon terminals in ordinary glomeruli for processing general odors, it cannot account for the topographic organization of pSNs in the macroglomerulus because an enormous number of new sex pheromone-receptive sw-B sensilla are added throughout the whole flagellum at the final molt (Figure 1d ; Schaller, 1978) . Therefore, the formation of sensory topography in the macroglomerulus is controversial.
To investigate how the olfactory topographic maps and the antennal receptive fields developed in the cockroach macroglomerulus, we examined the temporal and spatial proliferation patterns of antennal flagellomeres, sensilla, and OSNs during postembryonic development. We specifically focused on the postembryonic development and differentiation of pSNs in the antenna during the last instar (LI) stage. First, we examined the proliferation patterns of antennal flagellomeres and sensilla by comparing an identical antennal flagellomere before versus after molt. The results suggested two different origins of sex pheromone-receptive sw-B sensilla. Second, we conducted a cell proliferation assay using 5-ethynyl-2 0 -deoxyuridine (EdU) to reveal the temporal and spatial proliferation patterns of pSNs in flagella during the LI stage. We also performed the anterograde staining of pSNs housed in single sensilla, and identified the recruitment patterns of pSN axons to the macroglomerulus during postembryonic development. Finally, we evaluated the fine topography of the macroglomerulus via degeneration experiments following amputation of the distal part of the antenna. Based on these observations, we propose a new hypothesis for the formation of olfactory topography in the cockroach macroglomerulus.
| MATERIALS AND METHODS

| Insects
Nymphal and adult cockroaches P. americana with intact antennae were obtained from laboratory colonies maintained at 28 C under a 12:12 light-dark cycle in Fukuoka University and Hokkaido University. The nymphal instars were unambiguously identified according to the body length and the length of the hind tibia (Gier, 1947) . In this study, we used male and female cockroaches at the 10th instar, last instar (LI: 11th instar) and adult stages. Sex was determined by examining the morphologies of the last two abdominal sternites (Saito & Hayashi, 1973) . The 10th and LI stages generally last~40 days (Gier, 1947) . Thus, we divided each nymphal stage into three different periods: the "early period", "middle period," and "premolt period". The three periods were identified according to the maturation level of the new ommatidia, which appear just beneath the ventral rim of the compound eyes (see results in Figure 6 ). Specifically, new ommatidia were not visible in the "early period." At the "middle period," the pigments of the new ommatidia were observed just beneath the ventral rim of the compound eyes. At the "premolt period," the compound eyes appeared whitish and the animal started apolysis. Cockroaches in the "premolt period" enter the next stage via the molt within a few days.
| Scanning electron microscopy (SEM)
The flagellum of the cockroach was divided into the proximal, middle, and distal parts ( Figure 1a) . We numbered the flagellomeres starting from the meriston (1st flagellomere) to the antennal tip. The proximal part of the antenna comprised the meriston and 2nd-40th flagellomeres, which form the division of the meriston and binary divisions of meristal segments (see results). The middle part of the antenna comprised the 45th-70th flagellomeres. The distal part of the antenna comprised the region from the 85th flagellomere to the antennal tip.
Cockroaches in the LI and adult stages were attached on a plastic plate with the ventral side up, and the two antennae were fixed to it with wax. After counting the number of flagellomeres, each antenna was divided into several fragments. Antennal fragments including the proximal, middle, and distal parts were fixed with 50% acetone. These fragments were ultrasonically cleaned, and then dehydrated in an ascending acetone series from 70% to 100%. The dehydrated fragments were dried in an oven at 60 C for a day. Each fragment was then attached to an aluminum stub via water-soluble glue with the long axes standing vertically. After drying again in an oven at 60 C for a day, fragments were coated with platinum-palladium using an ion sputter (E-1045; Hitachi, Tokyo, Japan). Observations were made using a field emission scanning electron microscope (SEM; S-4800;
Hitachi, Tokyo, Japan). Each fragment was thoroughly examined and digital images were attained using a device that enabled tilting and rotating of the stub. The obtained images of the entire surface of each flagellomere were two-dimensionally stacked in a montage using Adobe Photoshop CS3 and Illustrator CS3 (Adobe Systems, San Jose, CA). Using the montage, we counted the number of a given sensillar type distributed on cognate flagellomeres of interest. For the sensilla nomenclature, we referred to previous cockroach studies (Altner & Prillinger, 1980; Schaller, 1978; Toh, 1977) .
In the cockroach, the nearly complete adult antenna is already formed inside the nymphal antenna in the "premolt period" of the LI stage (Schaller, 1978) . Therefore, we were able to compare sensillar distribution on a given flagellomere between cockroaches in the LI and adult stages by observing the exterior antenna and interior antenna.
The antennae in the "premolt period" of the LI stage were cut at the base of the scape and divided into several fragments after counting flagellomeres. The fragments were fixed in 4% paraformaldehyde with 0.1 M sodium phosphate buffer (PB; 0.02 M NaH 2 PO 4 , 0.08 M Na 2 HPO 4 , pH 7.4) at 4 C for a day. Fragments were ultrasonically cleaned in 50% acetone, and then processed for SEM observation. Each LI flagellomeres was examined, and images were captured with an SEM. The outer cuticle was then manually removed with a razor blade under a light microscope to expose the nearly complete adult antenna.
The specimen was then coated with platinum-palladium again. The same positions were observed and images were captured. Images were processed using Adobe Photoshop CS3 to adjust the brightness and contrast. Since the cuticle of the inner antenna contains more water than that of the outer cuticle, the inner antenna shrunk slightly due to the evaporation process. Therefore, we identified the corresponding adult flagellomeres based on the invariable distribution patterns of mechanosensory bristles, termed chaetic sensilla (see results in Figure 3 ). We then repeated the experiment using the 10th instar males at the "premolt period" to compare the sensillar distribution pattern on identical flagellomeres between the 10th and LI stages.
| Cell proliferation assay and immunohistochemistry
Cell proliferation assays were carried out using the Click-iT EdU Alexa
Fluor 488 Imaging Kit (C10337, Thermo Fisher Scientific, Waltham, MA, USA). EdU (5-ethynyl-2 0 -deoxyuridine) is a nucleoside analog of thymidine and is incorporated into DNA during active DNA synthesis in the mitosis phase (Salic & Mitchison, 2008) . Detection is based on the click reaction, which is a copper-catalyzed covalent reaction between an Alexa488 azide and an alkyne of EdU (Wang, Chan, Hilgraf, Fokin, Sharpless, & Finn, 2003) . In the cell proliferation assay, EdU selectively labeled the nuclei of newborn cells.
In this study, 5 or 10 μl of 10 mM EdU dissolved in dimethyl sulfoxide (EdU solution) was injected into the head capsule of the cockroaches in the LI stage using a micro syringe. EdU solution was injected close to the antennal heart, which is located just beneath the cuticle between the two ocelli (Pass, 1985) . The antennal heart is the antennal circulatory organ that pumps hemolymph from the head capsule to two antennae via antennal vessels that open near the antennal tip (Pass, 1985) . Therefore, the injected EdU molecules diffused from the tip to the base of the two antennae. At arbitral days after the injection, the two antennae were removed, and each antenna was divided into several fragments. Each fragment was manually sliced along the longitudinal axis with a razor blade. Sliced fragments were fixed in 4% paraformaldehyde with 0.1 M PB at 4 C for a day. At this point, any remaining air within the antennal tracheae was expelled under reduced pressure. After washing in phosphate-buffered saline (PBS: 0.14 M NaCl in 0.01 M PB, pH 7.4) with 1% Triton X-100 (PBST), the fragments were blocked for a hour using 2% normal goat serum (S26, Chemicon, Temecula, CA) in PBST with 0.25% bovine serum albumin (PBST-BSA; A2153, Sigma-Aldrich, St. Louis, MO) for subsequent immunohistochemistry. Thereafter, to detect EdU-labeled nuclei, fragments were incubated in a reaction solution including Alexa488 azide at 4 C for a day according to the manufacturer's instruction.
Following the cell proliferation assay, we performed immunohistochemistry using a protocol modified from our previous cockroach antenna study (Watanabe, Shimohigashi, & Yokohari, 2014) . 
| Characterization of the antibody
In this study, we used a polyclonal antibody generated in rabbit against peroxidase from horseradish (anti-HRP; Sigma-Aldrich Cat# P7899, RRID: AB_261181). The anti-HRP antibody selectively labels neurons by recognizing Nervana protein, which is a neuronal surface marker in many insect species (Drosophila: Jan & Jan, 1982; Sun & Salvaterra, 1995; moth: Steiner & Keil, 1995) . In the cockroach, the anti-HRP antibody has also been characterized as a neuronal marker that selectively labels the cell bodies, axons, and dendrites of all neurons, including OSNs (Loesel, Weigel, & Bräunig, 2006) . In preliminary experiments, we performed immunohistochemistry using the anti-HRP antibody and found that a diluted series of anti-HRP antibodies (diluted 1:1,000, 1:10,000 or 1:100,000 in PBST-BSA)-labeled antennal sensory neurons in a dose dependent manner (data not shown). In this study, we used the anti-HRP antibody diluted to 1:10,000. The results were consistent with a previous report (Loesel et al., 2006) . In addition, no signal was detected when we labeled specimens with only the secondary antibodies (data not shown).
| Anterograde staining of OSNs in single or multiple sensilla
To reveal the projection patterns of OSNs in single nymphal sw-A sensilla, we performed single sensillum staining, as previously conducted in adult cockroaches (Nishino et al., 2015; Watanabe et al., 2012) . In this study, we used male cockroaches in the "early period"
of the LI stage. Each cockroach was fixed on a plastic plate using wax, and sw-A sensilla on the proximal part of the antenna were arbitrarily selected. A borosilicate microelectrode with a fractured tip was filled with a 10% aqueous solution of micro-ruby (dextran tetramethyl rhodamine with biotin, 3000 MW, D-7156, Thermo
Fisher Scientific). After clipping the sw-A sensillum, the cut stump was immediately covered by the microelectrode and remained in contact with the dye for 3 hr at room temperature (Watanabe et al., 2012) . After removal of the microelectrode, the preparation was incubated at 10 C for 2 days, and consecutively at 4 C for 2 days in a humid chamber for diffusion of the dye. Subsequently, both the brain and antenna were dissected out. The isolated brain and antenna were fixed with 4% formaldehyde solution at 4 C for 3-5 hr, dehydrated in an ascending ethanol series, and cleared in methyl salicylate.
We stained newborn OSNs in the new sw-B sensilla that had formed just beneath the antennae of the LI stage. We used male cockroaches in the "premolt period" of the LI stage. After the cockroach and two antennae were fixed on the plastic plate, we exposed the cuticle of the inner adult antenna by removing the outer cuticle present in the LI stage. To stain OSNs in multiple newborn sensilla, we placed a droplet of aqueous micro-ruby solution at the surface of the inner cuticle. To stain OSNs in single newborn sensilla, we arbitrarily selected single sw-B sensilla on the inner cuticle and performed staining.
| Experimental degeneration of sensory afferents
To examine the fine topographic projection patterns of OSN axons, we experimentally induced degeneration of OSN axons by amputating distal flagellomeres. Our preliminary experiments showed that (a) the nerve just proximal to the amputation site remained intact because of the blood seal and (b) 4 days are sufficient for amputated OSN axons to degenerate nearly completely due to phagocytosis by plasmatocytes. In the experiment, we used male cockroaches of the 10th instar, LI, and adult stages before sensory proliferation starts.
After counting the number of flagellomeres, the right flagellum of a briefly anesthetized cockroach was cut with fine microscissors at different proximal-distal levels (see results in Figure 9a ). After a 4-day recovery period with food and water supplied ad libitum, the antennal nerve in the right antenna was exposed and excised at the flagellar base. We then conducted differential staining of PNs and sensory afferents. PNs were retrogradely stained by introducing crystals of micro-emerald (dextran fluorescein with biotin, 3,000 MW, D7162, ThermoFisher Scientific) manually into the medial antennal lobe tract (Watanabe, Nishino, Mizunami, & Yokohari, 2017) , and sensory afferents were anterogradely stained by dipping the cut-end of antennal nerves into an electrode filled with a 5% aqueous solution of micro-ruby (Nishino & Mizunami, 2007) . The dye-injected specimens were incubated in a humid chamber at 5 C for 12-16 hr, after which the brain was dissected out and processed for confocal observation.
To quantize the distribution patterns of sensory afferents in the macroglomerulus, we measured the width of the whole macroglomerulus (B-glomerulus) and remaining afferents in the central region of the glomerulus ( Figure 9b ; Nishino et al., 2018) . We identified the long axis of the central region of the B-glomerulus based on the outline of the glomerulus, which we estimated from the dendritic fields of the PNs. The width of the B-glomerulus was defined from an axis orthogonal to the center of the long axis.
Along the axis, we also measured the width of remaining afferents.
The width of degenerated afferents was measured by subtracting the width of remaining afferents from that of the B-glomerulus.
| Confocal observations and three-dimensional reconstruction
The cleared specimens were examined with a confocal laser scanning microscope (LSM-510; Carl Zeiss, Jena, Germany) equipped with
Argon and Helium-Neon lasers. EdU-Alexa488-labeled nuclei and PNs labeled with micro-emerald were visualized using an Argon laser with a band-pass emission filter (505-530 nm), whereas OSNs labeled with anti-HRP antibody or by micro-ruby were visualized using a Helium- 3 | RESULTS
| Postembryonic increment pattern of flagellomeres
In the cockroach P. americana, the flagellum is composed of~120 flagellomeres in the last instar (LI) stage and~140 in the adult stage ( Figure 1a , Schafer & Sanchez, 1973) . The first and the following dozen flagellomeres of the cockroach antenna are termed the "meriston" and "meristal segments," respectively (Schafer & Sanchez, 1973) . 
| Postembryonic increment pattern of olfactory sensilla
In the cockroach, three morphological types of olfactory sensilla have been previously identified; the perforated basiconic sensilla, trichoid sensilla, and grooved basiconic sensilla (Toh, 1977; Watanabe et al., 2012) . The perforated basiconic sensilla are further categorized into two subtypes; single-walled (sw)-A and -B sensilla based on their length ( Figure 2c ; Schaller, 1978) . The trichoid sensilla are tapered more sharply compared with perforated basiconic sensilla, and are termed sw-C sensilla ( Figure 2d ). Among these, the sw-B sensillum is sex pheromone-receptive (Sass, 1983) . We counted the numbers of sw-A, sw-B, and sw-C (trichoid) sensilla on a given proximal (2nd-11th), middle (56th-65th), and distal (100th-109th) flagellomere in the LI and adult stages. The averaged numbers of sw-A, sw-B, and sw-C on a given flagellomere obtained from 4 males and 4 females were summarized in Table 1 (Table 1 and Figure 2e , p = 0, diff = 41.26). Therefore, antennae in male adults had a significantly greater number of sw-B sensilla (Table 1 and Figure 2f , p = 0, diff = 189.59) and a lower number of sw-A sensilla compared with females (Table 1 and Figure 2e , p = 0, diff = 91.00). We observed no sex differences in sw-C sensilla numbers in either the LI or adult stage (Table 1 and Figure 2g , LI: p = .6833, diff = 0.2125; adult: p = .8296, diff = 2.125).
To elucidate the mechanisms of the decrease in sw-A sensilla and increase in sw-B sensilla after the final molt in males, we compared the sensillar distribution of a given flagellomere between the LI and adult stages within individual specimens (Figure 3 ). Using males in the "premolt period" of the LI stage, we first observed sensilla distribution patterns on the nymphal antenna, and then observed the sensilla distribution on the adult antenna that had already formed just beneath the nymphal antenna. We found no olfactory sensilla on the meriston or proximal meristal segments of the antennae in the LI stage, whereas adult flagellomeres derived from the nymphal meriston and meristal segments had a large number of olfactory sensilla, including sw-B sensilla (Figure 3a) . Thus, concomitant with the formation of new flagellomeres, a large number of sw-B sensilla were newly formed on the proximal flagellomeres at the final molt. In the middle and distal 3  4  5  6  7  8  9  10  11  56  57  58  59  60  61  62  63  64  65  100  101  102  103  104  105  106  107  108  109   0   100   200   300   2  3  4  5  6  7  8  9  10  11  56  57  58  59  60  61  62  63  64  65  100  101  102  103  104  105  106  107  108  109 Number of sensilla Flagellomere Flagellomere last instars adults (g) sw -C sensilla Based on the length of the hair shaft, the perforated basiconic sensilla have been classified into the sw-A and sw-B sensilla (Schaller, 1978; Toh, 1977; Watanabe et al., 2012) . (e-g) Numbers of sensilla distributed on the proximal, middle, and distal flagellomeres. Data were obtained from eight antennae from the LI stage (four males and four females) and eight antennae from the adult stage (four males and four females). The average numbers of sw-A (e), sw-B (f ), and sw-C (g) sensilla distributed on a given flagellomere (N = 4 in each bar) are shown as histograms and Table 1 . Bars = 1 mm in a, 10 μm in c,d Flagellomere f2 f3 f4 f5 f6 f7 f8 f9 f10 f11 Ave f56 f57 f58 f59 f60 f61 f62 f63 f64 f65 Ave f100 f101 f102 f103 f104 f105 f106 f107 f108 f109 Ave
Last instar sw-A sensilla Males Note. Ave, average number of sensilla per a flagellomere in three different antennal parts.
In both developmental stages, we averaged the numbers of sw-A, sw-B, and sw-C sensilla on a given flagellomere obtained from 4 male and 4 female antennae.
parts of the antennae, all mechanosensory and contactchemosensory chaetic sensilla on given nymphal flagellomeres were maintained in adult flagellomeres (numbered chaetic sensilla in Figure 3b ,c). In the middle and distal parts of the antennae, sw-B sensilla on adult flagellomeres appeared in the positions where sw-A sensilla were present in the nymphal flagellomeres (sensilla denoted with letters in Figure 3d ).
This suggests that nymphal sw-A sensilla transformed to sw-B sensilla, as predicted by Schaller (1978) . Transformation of the sensilla apparatus was observed only in the perforated basiconic sensilla (Figures 2e-g and 3d) . In the middle part of the antenna, chaetic and many olfactory sensilla, including sw-B sensilla, were newly formed and arrayed on the proximal and middle regions of each adult flagellum (circled chaetic sensilla in Figure 3b ). In contrast, the increase in chaetic and olfactory sensilla was negligible on the distal flagellomeres (Figure 3c,d) . In summary, at the final molt, sex pheromone-receptive sw-B sensilla were newly emerged on the proximal and middle parts, We also compared sensilla distribution patterns before and after the 10th molt (Figure 4) . The increment pattern of antennal sensilla at the 10th molt was identical to that at final molt with two exceptions (Figure 4a-c) . First, we did not observe the transformation from sw-A to sw-B sensilla at 10th molt (Figure 4d) . Second, olfactory sensilla did not form on the newly formed the LI meristal segments at the 10th molt (Figure 4e ). These observations were in accordance with the sensillar distribution patterns of the male antennae in the LI stage 
| Temporal cell proliferation
We examined the active period of cell proliferation during the LI stage ( Figure 6 ). In the cockroach, the LI stage lasts~40 days, but varies between individuals depending on growing conditions (Gier, 1947) .
We injected EdU solution into the males and females on a given day after the 10th molt, and newborn cells were detected a day after the injection. In both sexes, immediately after the 10th molt (<3 days after molt), no cells proliferated in the antenna (Figure 6a,g,k) . Temporal distribution patterns of newborn cells during the LI stage. (a-f ) Distribution patterns of newborn cells in the male antennae at a given day after the 10th molt. During the LI stage (~40 days), the adult cuticle is progressively formed just beneath the nymphal cuticle. We judged the maturation of the adult cuticle from the formation of new ommatidia of the adult compound eye (arrows in a1-f1). EdU-labeled nuclei were detected a day after injection of 10 μL of 10 mM EdU solution. 2D-stacked LSM images of the meriston reveal the distribution patterns of EdUlabeled nuclei (a2-e2). Anti-HRP antibodies labeled the sensory neurons within the antenna (magenta in a3-d3). In addition to sensory neurons, plasmatocytes were unselectively labeled by the antibodies at two days after the 10th molt (a3). Mechanosensory and contactchemosensory neurons extended their dendrites to existing chaetic sensilla on nymphal meristons (arrows in a3-d3). Newborn OSNs were observed from 14 days after the 10th molt (arrowheads in c3-d3), and extended their primary dendrites to the outer region of the epidermis at 20 days after the 10th molt (dotted circles and inset in d3). The magnified image marked in D3 shows three newborn OSNs in an OSN cluster (asterisks) and their dendrites (inset in d3).
(g-j) 2D stacked LSM images of the proximal part of the female meriston. (k) Estimated number of newborn cells at a given day after the 10th molt. The number of newborn cells within the arbitrarily selected epidermis of the proximal part of the meriston (example in a2: 150 μm × 500 μm × epidermis depth) is estimated in each specimen. Cells actively proliferated from~1 week after the 10th molt, and stopped after the formation of adult antennae (e, arrows in k). Bars = 100 μm in a2 and g and 50 μm in a3
(surrounded broken line in Figure 6a2 ) by dividing the summed volumes of the EdU-labeled nuclei within the region by the volume of a nucleus, which was calculated by averaging the volumes of five arbitrarily selected EdU-labeled nuclei. The result suggests that temporal proliferation patterns of newborn cells were identical between males and females during the LI stage. In accordance with the temporal proliferation pattern of newborn cells in the meriston, we observed newborn cells in the middle and distal parts of the antenna.
| Differentiation processes of newborn cells
Although male antennae exhibited a significantly greater number of sensilla compared with female antennae in adults (Figure 2 ), the spatio-temporal distribution patterns of newborn cells were identical between males and females in the LI stage ( Figure 6 ). Therefore, we hypothesized that differentiation processes from newborn cells to sensory neurons might be different between males and females. To examine the differentiation process from newborn cells to OSNs, we combined the cell proliferation assay with immunohistochemistry using anti-HRP antibody for labeling neurons (Loesel et al., 2006) . We discriminated types of sensory neurons based on the results of anti-HRP labeling and certain morphological features. For example, the cell bodies of mechanosensory and contactchemosensory neurons are known to be significantly larger than those of OSNs (Steiner & Keil, 1995; Watanabe et al., 2014) .
First, we assessed the postembryonic developmental process of sensory neurons during the LI stage (Figure 6a3-d3) . EdU-labeled nuclei were detected a day after the EdU injection. After detection of newborn cells, we stained sensory neurons using anti-HRP antibodies and found that EdU-labeled cells were not labeled by anti-HRP antibodies. These results suggest that newborn cells had not yet been differentiated into sensory neurons immediately after mitosis (within a day after mitosis). At 2 days after the 10th molt (Figure 6a ), anti-HRPlabeled mechanosensory and contact chemosensory neurons which extended their dendrites to existing chaetic sensilla (arrows in Figure 6a3 ). In addition, anti-HRP antibodies also labeled plasmatocytes (Wigglesworth, 1956 (Wigglesworth, , 1973 . Plasmatocytes exhibit active phagocytic activity and participate in basement membrane formation in the early period immediately after the molt (Wigglesworth, 1956) , and anti-HRP antibodies strongly labeled their vesicles. This phenomenon suggests that plasmatocytes intake the antigens via phagocytosis. In antennae at 7-9 days after the molt, when cell proliferation was active, no plasmatocytes were present and anti-HRP selectively labeled clusters of putative mechanosensory and contact chemosensory neurons (Figure 6b3 ). Most of these did not correspond to existing chaetic sensilla. Approximately 2 weeks after the molt, clusters of putative OSNs were detectable (arrowheads in Figure 6c3 ). As olfactory sensilla were absent on the nymphal meriston, these putative OSNs were newly developed during the LI stage. At that time, many ridges begin to appear in the inner region of the epidermis, corresponding to the borders of presumptive adult flagellomeres (Figure 6c ). Approximately 3 weeks after the molt, when cell proliferation was active, many clusters of putative OSNs were distributed in the inner region of the epidermis (arrowheads in Figure 6d3 ). We observed cone-like structures in the primary dendrites of newborn OSNs (dotted circles and inset in Figure 6d3 ). In this period, ridges became clearer.
To examine the differentiation of newborn cells, EdU solution was injected into cockroaches in the "early period" of the LI stage.
EdU-labeled nuclei and sensory neurons were detected three different timings ( Figure 7) ; at a week (n = 4) and 2 weeks (n = 2) after the injection during the LI stage, and after the final molt (n = 5). During the LI stage, the newborn cells that had differentiated into OSNs were identified in the male and female antennae more than a week after EdU injection (Figure 7 ). In the proximal part of the male antenna, we observed many cell clusters composed of four putative newborn OSNs (arrows in Figure 7a1 ). These OSNs extended their dendrites into a sw-B sensillum after the final molt (Figure 7d1 ). Therefore, each cluster of four newborn OSNs must include presumptive pSNs. These clusters were densely distributed in the male antennae and were sparsely distributed in female antennae (arrows in Figure 7a 
| Nymphal and newborn OSNs projecting to the macroglomerulus
We revealed that a group of nymphal sw-A sensilla transformed to sex pheromone-receptive sw-B sensilla at the final molt. This led us to question of whether nymphal sw-A sensilla exhibit pSNs. Using males in the "early period" of the LI stage, we anterogradely stained OSNs in single nymphal sw-A sensilla and revealed the target glomeruli of the OSNs. We successfully stained OSNs in 52 sw-A sensilla located in the 1st-30th flagellomeres. Among them, 21 sw-A sensilla contained putative pSNs that projected to the A-or B-glomerulus, where two sex pheromone components were selectively processed (Figure 8a ).
The axons of the putative pSNs in sw-A sensilla located in the proximal antenna terminated in the lateral region of the nymphal Bglomerulus (green colored axon terminals in Figure 8a2 ). These findings strongly suggest that the nymphal cockroach has putative pSNs in sw-A sensilla, and that the axon terminals of putative pSNs are topographically organized within the nymphal macroglomerulus. Figure 8c2 ). These results suggest that axons of newborn OSNs In male antennae, four newborn OSNs are clustered (arrowheads in inset of a1) and send their dendrites to a sw-B sensillum after the final molt (d1 and inset). In male antennae, newborn OSNs are densely distributed in the inner region of the epidermis (a1, c), whereas newborn cells that differentiated to non-neural cells are located in the outer region (a2, c). In female antennae, the majority of newborn cells were differentiated to non-neural cells located in the outer region of the epidermis (b). In the distal part of the male antennae, newborn OSNs are added to the existing OSN cluster, sending their dendrites to nymphal sw-A sensillum (a3 and inset), and the sensillum transform to sw-B sensillum after the final molt (d2 and inset). Bars = 10 μm in inset of a1; 20 μm in d1, 50 μm in a1-3, b1, and c. (E) Schemes of differentiation processes of newborn cells during the LI stage. Cells actively proliferated in the outer region of the epidermis of the antennae in both sexes in the "early period" of the LI stage (e1). In the proximal part of the male antenna, a portion of the newborn cells move to the inner region of the epidermis and develop to pSNs (left panel in e2), then form the new sw-B sensilla (dotted line in e3). In the distal part of the antennae, newborn pSNs are added to existing sw-A sensilla (right panel in e2). In the female, cells actively proliferate and a small number of newborn cells develop into OSNs (e4) in the new sw-B sensilla are precisely recruited to the lateral region of the B-glomerulus based on the distal-proximal locations of the sensilla.
All axons from a nymphal sw-A sensillum terminated within the Bglomerulus (Figure 8a2 ), whereas axon terminals of newborn OSNs were densely distributed outside the B-glomerulus (arrows in Figure 8c2 ).
| Topographic projections of newborn OSNs in the distal antenna
In the distal part of the antenna, sw-A sensilla transform to sw-B sensilla at the final molt, and this transformation is accompanied by an increased number of OSNs. Finally, we examined the projection patterns of newborn OSNs that emerged in the transformed sw-B sensilla ( Figure 9 ). We could not stain OSNs in a single sensillum on the distal antenna because of the long distance between the sensillum and the antennal lobe. To reveal the topographic organization of OSN axon terminals in the macroglomerulus, we modified the procedures of antennal degeneration experiments performed in the antennae of the mantis (Carle, Watanabe, Yamawaki, & Yokohari, 2017 ) and the cockroach . Using male cockroaches in the "early period" of the 10th instar (N = 15), LI (N = 17), and adult stages (N = 21), we experimentally degenerated OSNs in the distal part of the antenna by amputating~40 flagellomeres from the antennal tips ( Figure 9a ) and anterogradely stained the remaining afferents (Figure 9b ). We evaluated the volume of the B-glomerulus and remaining afferents using the width of the dendritic fields of PNs (broken circles in Figure 9b ) and the width of remaining afferents (bars in Figure 9b ) measured in the central region of the glomerulus, respectively. In all specimens, the remaining pSN afferents selectively terminated in the lateral half region of the Bglomerulus and the degenerated axons (i.e., unstained area) spread from the medial region. This suggests that the axon terminals of pSNs are topographically organized in the macroglomerulus not only in adults but also in nymphs.
At the 10th molt, that is, the molt before the LI stage, the volume of the remaining afferents was increased ( , T = 4.54), corresponding with the increment patterns of newborn sw-B sensilla, which increased in the proximal and middle parts of the antenna (Figures 2 and 3) . Interestingly, the volume of degenerated afferents also increased considerably at the final molt (Figure 9c : p = 1.24 × 10 In this study, we revealed the postembryonic increment patterns of antennal flagellomeres, sensilla, and OSNs in the cockroach P. americana. We developed a SEM observation technique, a cell proliferation assay combined with immunohistochemistry, and an anterograde staining method for single and multiple OSNs, which enabled us to generate several new insights into the postembryonic development of peripheral sensory systems in a hemimetabolous insect. First, we revealed detailed increment patterns of antennal flagellomeres during postembryonic development. Second, we identified two different origins of sex pheromone-receptive sw-B sensilla on the adult male antennae. The sw-B sensilla located in the proximal part of the male adult antenna were newly developed during the LI stage, whereas those located on the distal part were transformed from sw-A sensilla.
In addition, the transformation of the sensillum was accompanied by an increase in pSNs. Third, we found that the nymphal cockroach exhibited pSNs in a subset of sw-A sensilla, and that axon terminals of Schafer & Sanchez, 1973; Tominaga & Yokohari, 1982; B. germanica: Campbell & Priestley, 1970; L. maderae: Schafer, 1973) . In P. americana, the total number of flagellomeres and meristal segments has been documented at every nymphal stage (Schafer & Sanchez, 1973) . Figure 9a ; Schafer & Sanchez, 1973) . This suggests that the antennal tip might be continually shed under physical pressure.
Therefore, the current results indicate that both the addition of flagellomeres to the proximal end and the loss of flagellomeres at the distal tip occur during postembryonic development of the antenna.
In hemimetabolous insects, the number of flagellomeres increases throughout the series of postembryonic molts, but the final numbers and increment patterns of flagellomeres vary. New flagellomeres are added into the proximal part of the antenna in the cockroach and the grasshopper by dividing the meriston and meristal segments (Chapman, 2002; Minelli, 2017) . In contrast, in the mantis (Carle et al., 2014) and mantophasmatodea (Hockman, Picker, Klass, & Pretorius, 2009) with the exception of several cockroach species (Chambille & Rospars, 1985; Nishino et al., 2009b Nishino et al., , 2010 Prillinger, 1981; Rospars & Chambille, 1986) . The leading model for the formation of spatially tuned olfactory receptive fields. (a) Gross postembryonic developments of sex pheromone-receptive sensilla underlie the formation of topographic organization of pSN axon terminals in a macroglomerulus. In this study, we obtained the following results. First, new sensilla were added to the proximal and middle parts of the antenna at every molt (black arrows). Second, a part of the nymphal sw-A sensilla contains putative pSNs that project to a macroglomerulus (colored sw-A sensilla). Third, a part of the sw-A sensilla on the middle and distal parts of the antenna transformed into the sw-B sensilla at the final molt (white arrowheads). Fourth, axons of newborn pSNs in the transformed sw-B sensilla terminated in the macroglomerulus according to their location (double arrowheads). By integrating the current results with the previous model (Figure 1b The distribution of sex pheromone-receptive sw-B sensilla drastically increased throughout the male antenna after the final molt. As predicted by Schaller (1978) , we identified two different origins of sw-B sensilla. Specifically, sw-B sensilla located on the proximal part of the antenna were newly formed during the LI stage, whereas those on the distal part of the antenna had transformed from sw-A sensilla at the final molt. The transformation from sw-A to sw-B sensilla specifically occurred at the final molt and led to sexual dimorphism of the adult antenna. In the cockroach, surgical removal of the corpora allata and application of juvenile hormone (JH) to males in the LI stage indicated that JH prevents the appearance of antennal sexual dimorphism (Schafer & Sanchez, 1976) . This suggests that the transformation from sw-A to sw-B sensilla might be controlled by JH state.
Our cell proliferation assay revealed that a few newborn OSNs were added to an existing sw-A sensillum during the LI stage, and the sensillum became a sw-B sensillum after the final molt ( Figure 7 ).
Within each sensillum, we could not identify any newborn cells except for OSNs. In insects, the cuticles of the sensilla are secreted by trichogen cells, and cell components of sensilla-such as trichogen, tormogen, thecogen cells, and sensory neurons-arise via differential mitoses from a mother cell (Keil, 1997) . Therefore, we hypothesize that each nymphal sw-A sensillum is associated with a mother sensory cell that initiates mitosis in response to changes in JH state, whereas the morphogenesis of sensillar structures is achieved by the contribution of non-neural elements within the nymphal sw-A sensillum.
In adult cockroaches, two pSNs out of four OSNs in a sw-B sensillum selectively process periplanone-A and periplanone-B and terminate in the A-and B-glomerulus, respectively (Sass, 1983; Fujimura et al., 1991; Burrows et al., 1982) . We revealed that a part of the nymphal sw-A sensilla contains putative pSNs that project to the nymphal macroglomeruli (Figure 8 ). Because sw-A sensilla on the male adult antennae do not have pSNs (Sass, 1978; Watanabe et al., 2012) , nymphal sw-A sensilla that exhibiting pSNs must transform to sex pheromone-receptive sw-B sensilla. In addition, our antennal degeneration experiments suggested that the transformation from sw-A to sw-B sensillum was frequently accompanied by an increase in the number of pSNs projecting to the B-glomerulus (Figure 9 ). This indicates that a proportion of the sex pheromone-unresponsive sw-A sensilla acquires two pSNs during the LI stage and transforms to sw-B sensilla at the final molt (Figure 10a ).
Although the physiological properties of nymphal pSNs are currently unclear, some previous studies have reported that nymphal cockroaches have the ability to process sex pheromones. In the LI males, PNs arborizing in the nymphal B-glomerulus exhibit strong responses to crude extracts of female sex pheromones (SchallerSelzer, 1984) . In addition, electroantennograms have revealed that nymphal male antennae exhibit reliable response to crude extracts of sex pheromones, although the responses are significantly weaker than those in adult male antennae (Nishino & Kimura, 1982; Schafer, 1977) . These physiological results indirectly suggest that nymphal pSNs in sw-A sensilla process sex pheromones. The transformation from sw-A to sw-B sensillum is achieved by the elongation of the hair shaft. Elongation of the hair shaft accompanies the elongation of the pSN dendrites within the shaft, and results in an increase in receptor proteins on the dendrite. This process coincides with an increase in lymph within the sensillum, resulting in an increase in pheromonebinding proteins. Thus, the transformation from sw-A to sw-B sensilla may increase the sensitivity of pSNs to sex pheromones. However, the response properties of putative pSNs in single nymphal sw-A sensilla are unknown. Putative sex pheromone receptor proteins (Chen, He, Li, Zhang, & He, 2016) and pheromone-binding proteins (Li, He, Zhang, & Dong, 2017) have been identified in the cockroach. Thus, examining the expression patterns of these proteins within the nymphal antennae may produce useful findings.
| Proliferation and development of OSNs in the antenna
In this study, we developed a new cell proliferation assay using EdU.
In the peripheral nervous systems of arthropods, cell proliferation patterns during postembryonic development have been studied using bromodeoxyuridine (BrdU) (Franco et al., 2007; Harrison et al., 2001 ).
Cell proliferation assays using EdU have many advantages compared with those using BrdU. First, incorporated-BrdU can be detected with immunohistochemistry using the anti-BrdU antibody, whereas incorporated-EdU is detected using the click reaction. Therefore, cell proliferation assays using EdU can easily be combined with immunohistochemistry without considering antibody cross-reactions. In this study, we combined a cell proliferation assay with immunohistochemistry using the anti-HRP antibody, and successfully segregated newborn neurons from non-neural cells. Second, the click reaction is catalyzed by copper, which easily penetrates deeply into the specimen. Strong and stable signals for EdU-labeled nuclei suggest that the assay is suitable for analyzing the distribution patterns of newborn cells within whole antenna and brain specimens.
Despite the significant sexual differences in sensillar distribution on the adult antennae, increment patterns of newborn cells are spatially and temporally identical between antennae from males and females in the LI stage ( Figure 6 ). This finding indicates that huge numbers of cells actively proliferate in both male and female antennae, but nearly all newborn cells differentiate into non-neural cells, such as epidermal cells of new flagellomeres. As summarized in Figure 7b , sexual dimorphism of the antennae appeared in the differentiation process from newborn cells to sensory neurons. At a week after mitosis, the number of newborn cells that had differentiated into OSNs was greater in male compared with female antennae (Figure 7 ).
In the proximal part of the male antenna, we found that four newborn OSNs were clustered. Because the only olfactory sensillum that exhibits four OSNs is the sw-B sensillum (Sass, 1983; Toh, 1977; Watanabe et al., 2012) , these results strongly suggest that a larger number of newborn cells differentiate into pSNs in the male antenna.
We were able to characterize the developmental process of the adult antenna during the LI stage. Within the antenna in the LI stage, cell proliferation started several days after the 10th molt. Before cell proliferation, many plasmatocytes (a type of hemocyte) are connected to one other with fibers. These cells have been reported to exhibit active phagocytic activity and form the basement membrane of the epidermis (Bohn, 1975; Wigglesworth, 1956 Wigglesworth, , 1973 (Steiner & Keil, 1995) . We found that the borders of adult flagellomeres appeared~2 weeks after the 10th molt, and then dendrites of newborn OSNs extended toward the outer region of the epidermis. Approximately 3 weeks after the 10th molt, cell proliferation stopped and adult flagellomeres and sensilla were formed. Axons of newborn pSNs had reached the target macroglomerulus before the final molt, but many axon terminals were distributed outside of the macroglomerulus (Figure 8 ). In adults, mature pSNs precisely terminate in the B-glomerulus (Nishino et al., 2015; Watanabe et al., 2012) , and the volume of the B-glomerulus doubles at the final molt (Nishino et al., 2009b; Prillinger, 1981) . Therefore, while OSN dendrites develop in the early period of the LI stage, their axons may be incomplete at the final molt. Axons of newborn pSNs and/or dendrites of secondary olfactory interneurons might be in the process of growing at the final molt. This is in accordance with the behavioral observation that the male P. americana does not exhibit complete sexual behavior in response to sex pheromones until 10 days after the final molt (Silverman, 1977) .
| Formation of topographic organization of sex pheromone-receptive sensory neurons in the macroglomerulus
Our results strongly suggest that the topographic organization of pSN axon terminals in the macroglomerulus is formed during nymphal postembryonic development (Figure 10 ). In the nymphs, axon terminals of pSNs in sw-A sensilla on the proximal part of the antenna (the meristal segments and flagellomeres binary divided from the meristal segments) were recruited to the lateral region of the nymphal macroglomerulus (Figure 8 ). These results suggest that the previous hypothesis for the formation of the topographic organization of OSN axon terminals in ordinary glomeruli (Figure 1c ; Nishino & Mizunami, 2007 ) is applicable to that of pSNs in a macroglomerulus during nymphal development. From the 1st to the 10th molt, the macroglomerulus has been reported to increase in volume without sex pheromone-receptive sw-B sensilla (Nishino et al., 2009b . A proportion of the nymphal sw-A sensilla, which are distributed from early development, contains pSNs that project to the macroglomeruli. Therefore, at every nymphal molt, we assume that new pSNs in the sw-A sensilla emerge in the proximal part of the antenna and their axons terminate the lateral region of the nymphal macroglomerulus (Figure 10 ). In fact, we found that the macroglomerulus was specifically enlarged in the lateral region at the nymphal molt (Figure 9) . Thus, the distal-proximal topographic organization of pSN axon terminals is formed in the macroglomerulus via a series of nymphal molt (Figure 10 ).
Two types of pSN proliferation at the final molt appear to underlie the formation of topographic organization in the macroglomerulus.
In the male cockroach, a large number of sw-B sensilla appeared throughout the whole antenna at the final mot (Figure 2 ), which resulted in an increase in the sensitivity to the sex pheromones in the adulthood. Almost all sw-B sensilla that are densely distributed on the proximal part of the adult male antenna are newly formed during the LI stage, whereas those on the distal parts are derived from nymphal sw-A sensilla (Figure 3 ). Mass and single sensillum staining revealed that the axon terminals of newborn pSNs in the new sw-B sensilla on the proximal parts of the antenna were recruited to the more lateral region of the macroglomerulus (Figure 8 ; Watanabe et al., 2012; Nishino et al., 2015) . In addition, our antennal degeneration experiments strongly indicate that the newborn pSNs in transformed sw-B sensilla on the distal parts of the antenna are recruited to the macroglomerulus according to the sensillar location (Figures 9 and 10) . Thus, the two types of pSN proliferation at the final molt not only maintain the topographic organization in the macroglomerulus formed during postembryonic development, but also increase sensitivity to the sex pheromone ( Figure 10 ). This hypothesis can consistently explain the formation of the topographic organization of pSN axon terminals in the macroglomerulus (Figure 10 ).
In the middle part of the adult male antenna, both transformed and new sw-B sensilla are co-localized on each flagellomere The signaling involved in the guidance of axons of new pSNs in the middle and distal flagellomeres to proper positions in the macroglomerulus is unclear. Although further investigation is necessary, it is possible that these axons follow the axonal path of those in nearby sensilla. A previous study reported that axons of sensory neurons in a given flagellomere form a bundle within the antenna (Nishino et al., 2015) . There is a similar guidance scheme for pioneer neurons during embryonic development in hemimetabolous insects (Boyan & Ehrhardt, 2015) .
In both macroglomeruli and ordinary glomeruli of the cockroach, the distal-proximal topographic organizations of OSN axon terminals are accomplished by sensory projections based on the postembryonic developmental timings. However, the distalproximal topographic organization of OSN axon terminals and antennal receptive fields has been evaluated in holometabolous insects, whose glomeruli formed during the pupal development (honey bees: Pareto, 1972; Nishino et al., 2009a; moths: Heinbockel & Hildebrand, 1998) . During the pupal development of M. sexta, OSN axons from distal flagellomeres of the antenna arrive at the AL for several days after the arrivals of those from proximal flagellomeres (Lipscomb & Tolbert, 2006) . A comparative study using Coleopteran beetles indicates that adult flagellomeres (typically 8 flagellomeres) are formed by the sequential binary divisions of proximal flagellomeres (Minelli, 2017) . These results suggest that the development of OSNs in the distal antenna are temporary segregated from that in the proximal antenna during the pupal stage, and our model of the formation of the topographic organization of OSN axon terminals is partially applicable in holometabolous insects. In Drosophila, distal antenna (dan) and distal antenna-related (danr) genes are specifically expressed in the presumptive distal region of the antenna in the imaginal disc, controlling the differentiation of distal antenna structures (Emerald, Curtiss, Mlodzik, & Cohen, 2003) . The expression of dan also regulates the development of a subset of OSN classes, temporally and spatially (Barish, Li, Pan, Soeder, Jones, & Volkan, 2017) . Thus, the development of the antennae and OSNs are well controlled by distal-proximal patterning genes in Drosophila. However, the distal-proximal topographic organization of OSN axon terminals in glomeruli has not been studied in the model insect. It requires further examination, which will be critical for generalizing the notion of OSN topography to holometabolous insects.
